The paper pertains to a study in which the waterfront retaining wall has been analyzed for its stability when it is exposed to the forces jointly coming from an earthquake and tsunami. Closed form solutions following the simple limit equilibrium principles have been proposed. For the calculation of the seismic passive earth pressure and the wall inertia force, pseudo-dynamic approach has been considered, while the hydrodynamic and the tsunami wave pressures have been calculated using different approximating solutions available in literature. The results presented in the sliding and overturning modes of failure of the wall show that the stability of the wall gets seriously challenged when it gets jointly exposed to the effects of the tsunami and earthquake. About 92% decrease is observed in the value of the factor of safety in sliding mode of failure of the wall as the ratio of tsunami wave height to the upstream still water height increases from 0 to 1.5. Also, the critical mode of failure of the wall has been found to be that of the overturning. Effect of different parameters involved in the analysis has also been studied and it has been observed that quite a few of them like k h , kv, φ, δ, ru have a significant effect on the stability of the wall. Comparison with a previously existing methodology using pseudo-static approach suggests that the present pseudo-dynamic approach is more realistic and comparatively less conservative and hence can be used as a handy simple economic method for the design of the waterfront retaining walls exposed to the combined effects of earthquake and tsunami.
Introduction
The damage of many waterfront retaining structures in general and of the waterfront retaining walls in particular during an earthquake or otherwise due to the disturbing forces coming from the impact of the breaking waves or due to tsunami (which may or may not have been triggered by the earthquake) is well documented in the literature. The recent South Asian earthquake of 2004 which triggered a massive tsunami wave caused havoc and large scale damage to several waterfront structures, including the retaining walls. There have been instances in the past when structures having been built safely, without making consideration for such rather rare but important forces, have failed meekly when faced with such eventualities comprising severe conditions. Such failures prompt the designers and engineers to have an understanding about the behavior of these waterfront retaining structures under severe conditions. Under static conditions, for a typical waterfront retaining wall, supporting a dry backfill, the only disturbing force for the stability of the wall is the lateral earth pressure coming from the downstream side, while on the upstream side, the destabilization comes due to the hydrostatic pressure. However, further instability to the wall would be caused in the event of an earthquake, which gives rise to the development of additional forces-the seismic component of the lateral earth pressure from the downstream side and the hydrodynamic pressure, which, depending upon the case may or may not be on both the upstream and downstream sides of the wall. The earthquake may be followed by a tsunami as well, which would further add to the instability of the wall. A combination of all these forces/pressures poses serious challenge to the stability of the wall. However, in spite of all the importance these waterfront retaining walls have, the area of understanding the behaviour of these retaining walls when exposed to such severe conditions does not seem to be well researched. The literature archives show that there have not been many studies in the past, in which the stability and the behavior of such waterfront retaining walls had been assessed under the mentioned combination of forces/pressures. Whatever is present in the literature is either by considering only one force/pressure or just a combination of a few of these forces/pressures at a time, except for the work reported by Choudhury and Ahmad (2007a) who considered all these forces/pressures, but in which the seismic earth pressure was calculated using the conventional pseudo-static approach, which can be regarded to be too conservative as it has got several drawbacks as has been reported by Steedman and Zeng (1990) , Choudhury and Nimbalkar (2005 , 2006 , 2007 , Choudhury and Ahmad (2008) , Ahmad and Choudhury (2008) , and Nimbalkar and Choudhury (2008) . The effect of the hydrodynamic pressure along with the seismic active earth pressure was studied by Ebeling and Morrison (1992) and Ahmad (2007b, 2008) . The destabilizing effects of the hydrodynamic pressure on the waterfront structures have also been reported by Nozu et al., (2004) ; while Matsuo and Ohara (1965) analyzed the seismic behavior of the quay walls due to dynamic pore water pressure. Similarly, with respect to the seismic earth pressure, the Mononobe-Okabe theory proposed by Okabe and Mononobe and Matsuo (see Kramer, 1996) , in which the seismic forces are considered using a pseudo-static approach, is widely used worldwide. Apart from this classic theory, various other researchers over the years have tried to develop better understanding of the lateral earth pressure problem for rigid walls supporting dry backfills under seismic conditions and have adopted different approaches in proposing different theories, viz., the limit equilibrium method by Richards and Elms (1979) , Nimbalkar (2006, 2007) ; finite element techniques by Gazetas et al., (2004) ; two degree of freedom mass-spring-dashpot model by Choudhury and Chatterjee (2006) . But none of these described approaches, presented for the calculation of the seismic earth pressures, considered the effect of hydrodynamic pressure. Similarly, adopting different approaches and approximations, various researchers have come up with the expressions for the estimation of the tsunami wave pressure -for example, Fukui et al., (1962) (see Mizutani and Imamura (2001) ) proposed an expression for the calculation of the dynamic component of the tsunami wave pressure by considering the wave celerity, while CRATER (2006) approximated the tsunami wave pressure to be equal to the hydrostatic pressure equivalent to thrice the height of the water. Yeh (2006) also proposed solutions for the interaction of tsunami with coastal defence structures and maximum fluid forces on the tsunami run up zone. Other studies which considered the impact of wave breaking forces/pressures on the vertical and sloping walls, and other structures are due to Kirkgoz (1995) , Muller and Whittaker (1993) etc. The discussion about the literature apart from throwing light on the importance and relevance the waterfront retaining walls to the civil engineers, also highlighted some of the research gaps and the rather approximating pseudo-static technique with reference to the estimation of the seismic passive earth pressure-which as already discussed suffers from serious drawbacks of being too conservative and thus when adopted does not give a correct estimate of the seismic earth pressure -existing in the present day methodologies adopted for the design of water retaining walls in general and in particular for the specific cases of the wall, in which the effect of the tsunami, hydrodynamic pressure, along with the earthquake has been considered simultaneously. Thus, through the present study, an attempt has been made to bridge the gap and propose complete design solutions for the study of the stability aspects of a typical waterfront retaining wall, exposed to an earthquake and tsunami simultaneously, including the hydrodynamic pressure, by proposing closed form solutions using the limit equilibrium approach, and in which care has been taken to make use of the pseudo-dynamic approach -which is a better way of calculating the seismic earth pressures. It is also to be mentioned that generally there is a significant time gap between the occurrence of the primary shock of an earthquake and a tsunami. However, after-shocks are common especially after a big earthquake and some of these may well coincide with the arrival of a tsunami. To address this issue, the combined effects of earthquake forces and tsunami are considered in the present analysis. Figure 1 shows a typical vertical face rigid retaining wall situated at the waterfront. The width of the wall is 'b', and the height of the wall is 'H'. The backfill, which is to the full height of the wall, is submerged with water to a height 'h wd ', and it is considered that the ground surface of the backfill is horizontal. The upstream face of the wall holds water to a height 'h wu ', and a tsunami water wave having a height 'h t '; thus, the corresponding pressure/force due to h wu and h t would respectively be the total hydrostatic pressure (P stu ), and tsunami wave pressure (P t ). On the downstream face of the wall, because of the presence of the water inside the backfill, the hydrostatic pressure would be present; this has been shown by (P std ). In addition to this, the seismic lateral earth pressure (P pe ), the hydrodynamic pressure (P dyn ) and the wall inertia forces acting on the wall Q hw and Q vw in the horizontal and vertical directions respectively are shown in the figure. Also shown in the figure are the directions and points of application of all these forces/pressures. The objective of the study is to assess the sliding and overturning stability of the waterfront retaining wall under the combination of all these forces. A rigid foundation below the wall has been considered so that the possibility of any failure other than the sliding and overturning modes can be kept beyond the scope of the present study.
Methodology Adopted

Seismic earth pressure
To consider the worst possible combination of design with respect to the combined earthquake and tsunami forces acting on the wall which has been assumed to move towards the backfill and hence producing the state of passive earth pressure has been addressed. The component of seismic passive earth pressure has been calculated using the pseudo-dynamic approach proposed by Choudhury and Nimbalkar (2005) . But the theory given by Choudhury and Nimbalkar (2005) for dry backfill has been modified for the present analysis to consider the effect of submergence of the backfill and pore water pressure. The total seismic passive earth pressure is given by (derived as per Ebeling and Morrison (1992) and Kramer (1996) ),
where r u = pore pressure ratio, defined as the ratio of excess pore pressure to the initial vertical stress, incorporation of which is a simplified way (as per Ebeling and Morrison, (1992) ) of simulating the effect of the excess pore pressure generated due to cyclic shaking of the soil during an earthquake; K pe = the seismic passive earth pressure coefficient, obtained by using the similar methodology of Choudhury and Nimbalkar (2005) ,
with
and α = angle which the failure wedge plane makes with the horizontal at the base of the wall; δ = wall friction angle; φ = soil friction angle; t = time; T = period of lateral shaking; V p = velocity of the primary wave propagating through the backfill soil; and V s = velocity of the shear wave propagating through the backfill soil. Also, in Eq. (1),γ is the unit weight of the backfill soil, modified due to the submergence of water and is given by (Kramer (1996) ),
where γ sat and γ d = the saturated and dry unit weights of the soil respectively. A close look at Eq. (5) shows that for full submergence of the backfill (when h wd = H), γ = γ sat ; while for a dry backfill case (when h wd = 0),γ = γ d . It is to be noted that following the methodology proposed by Choudhury and Nimbalkar (2005) , the expression for the calculation of the seismic passive earth pressure coefficient (Eq. (2)) has been optimized for a minimum value of the seismic passive earth pressure coefficient with respect to α and t/T . It is however, to be mentioned that to account for the submergence of the backfill and the presence of the pore pressure, both of which would have an effect on the seismic acceleration coefficients in the horizontal and vertical directions (k h and k v ), the approach followed by the Ebeling and Morrison (1992) , has been adopted in the present study, according to which, the horizontal seismic acceleration coefficient (k h ) is given as,
Minima of the Eq. (2) is thus found by replacing k h with k * h given by Eq. (6). The effect of the submergence and the pore pressure ratio on the value of the seismic acceleration coefficient in the vertical direction (k v ) gets indirectly accounted for in the present study because of the dependence of this k v on the seismic acceleration coefficient in the horizontal direction (k h ) either by assuming
For initiating the process of optimization of Eq. (2), so as to find the minimum value of the seismic passive earth pressure coefficient (K pe ), the initial values of the parameters α and t/T , in whose respect the optimization is made, have been taken to be equal to α MO and 1/T respectively; in which α MO is the angle which the failure plane makes with the horizontal at the base of the wall calculated using the Mononobe-Okabe approach as (Kramer (1996) ),
where
with ψ = seismic inertia angle calculated as (Ebeling and Morrison (1992) ),
Seismic inertia forces on the wall
Like the seismic passive earth pressure, the seismic inertia forces Q hw and Q vw in the horizontal and vertical directions respectively, generated in the wall due to the earthquake are calculated using the pseudo-dynamic approach given by Choudhury and Nimbalkar (2005) . For the purpose of deriving the expressions for the wall inertia forces, the basic wall model chosen is as shown in Fig. 2 following the model given by Choudhury and Nimbalkar (2005) , which was modified by Choudhury and Ahmad (2008) . If a hw and a vw are respectively the amplitudes of the harmonic horizontal and vertical seismic accelerations in the wall, then the corresponding accelerations in the horizontal and vertical directions, at depth z and time t, below the top of the wall are expressed as,
and
The mass of the thin rectangular element of the wall of thickness dz is, where γ c is the unit weight of the wall material. The total seismic inertia force in the horizontal direction (Q hw ) for the entire wall is given by,
Substituting for m w (z) and a hw (z, t) from Eqs. (13) and (11) and simplifying, the expression for total seismic inertia force on the wall in the horizontal direction is given as
Similarly, the expression for the total seismic inertia force on the wall in the vertical direction (Q vw ) would be
where, V sw and V pw are respectively the shear and primary wave velocities traveling through the material of the wall (which is concrete in the present case). The directions of these inertia forces shown in Fig. 2 , are such that they give the worst possible condition with respect to the stability of the wall in sliding and overturning modes of failure for the design purpose. The total seismic inertia force on the wall in the vertical direction (Q vw ) is assumed to act at half the width of the wall section (i.e. at b/2 from either sides), while the total seismic inertia force on the wall in the horizontal direction (Q hw ) is assumed to act at the mid-height of the wall (i.e. at H/2 from the base of the wall). Also, it has been assumed in the present study that at a particular instant, both the backfill soil mass and the retaining wall shake simultaneously with the same earthquake intensities (i.e. a hw = a h ; and a vw = a v -where a h and a v are the horizontal and vertical seismic accelerations of the backfill soil).
Forces on the wall due to water on the upstream face
Two different types of water conditions have been considered on the upstream face of the wall viz., water of height 'h wu ' (supposedly to be in static condition), and tsunami water of height 'h t ' (supposedly to be in dynamic condition). The calculations regarding each of these two is described in the next two sections.
Pressure due to water height 'h wu '
This water height would be exerting a hydrostatic pressure (P stu ) on the wall, calculated by,
acting at a height of hwu 3 from the base of the wall.
Pressure due to tsunami water of height 'h t '
The literature archives showed that there are two methodologies in vogue for the calculation of the pressure due to tsunami wave on a vertical wall, namely the methodology adopted by CRATER (2006) and the other one proposed by Fukui et al., (1962) . According to the theory adopted by CRATER (2006), the pressure due to a tsunami wave (P tC ) would be,
This expression has also been used by the US Army Corps of Engineers (1990) . However, it does not take into account the velocity of the tsunami wave with which it is traveling. The simplified expression for the calculation of the pressure due to tsunami (P tF ) by using the other methodology originally proposed by Fukui et al., (1962) , which also accounts for the velocity of the tsunami wave, is
where K is a constant and is equal to 0 when h t /h wu = 0 (i.e. no tsunami); while for any other value of h t /h wu , the value of K is taken as 0.12.
Since, it is difficult to assess which theory is best suited for the type of the problem being analyzed in the present study, it has been decided to use and present results by using both the theories. It is also to be noted that the tsunami pressure, calculated by any of the two theories adopted, is considered to act at the mid height of the tsunami water height 'h t ' (i.e. at a height of (h wu + 0.5h t ) measured from the base of the wall).
Forces on the wall due to water on the downstream face
The downstream face of the wall has backfill which is submerged due to water to a height 'h wd '. The hydrostatic pressure due to this water would essentially be the same as calculated by Eq. (17), except for the fact that the unit weight of the soil is to be replaced by an equivalent unit weight γ we , given by (Ebeling and Morrison, (1992) ),
thus, the total hydrostatic pressure acting on the wall from the downstream side (P std ) is
Like the hydrostatic pressure from the upstream face of the wall, this pressure would also be acting at 1/3 the height of the water on the downstream face. During an earthquake, the shaking of the water present in between the soil grains of the backfill soil (Kramer, (1996) ) would give rise to the development of the additional hydrodynamic pressure (P dyn ), which, following the methodology proposed by Westergaard (1933) , is calculated as,
This hydrodynamic pressure would be acting at 0.4h wd (Westergaard, (1933) ) and it has been considered that this pressure would act in the same direction as is the direction of the wall movement (as shown in Fig. 1 ). This has been done so as to have a worst possible scenario with respect to the stability of the wall. It is to be mentioned, that owing to the nature of the expression which caters to the effect of the tsunami wave pressure coming from the upstream face, and due to the relatively small height of the water present on the upstream face 'h wu ', (supposedly to be under static conditions), the generation of the hydrodynamic pressure on this side of the wall has not been considered.
Stability of the Wall
The wall under consideration is assessed in terms of its stability in the sliding and overturning modes of failure. The derivations of the expressions of the factor of safety, which give idea about the stability of the wall in these two modes of failure, are presented in the next few sections.
Factor of safety against sliding mode of failure
By considering the equilibrium of all the forces acting in the horizontal direction (Fig. 1) , the total resisting force, F r is given as,
where µ = coefficient of friction at the base of the wall, which for the present study has been taken to be equal to tan φ. Similarly, by summing all the driving forces acting on the wall, and using the CRATER (2006) expression for the calculation of the tsunami wave pressure, the expression for the total driving force would be
On similar lines, the expression for the driving force in which the Fukui et al., (1962) approach has been used for the calculation of the tsunami wave pressure would be
The respective factor of safety expressions of the wall against sliding mode of failure using the CRATER (2006) and Fukui et al., (1962) approaches for the calculation of the tsunami wave pressure, would be
where W = weight of the wall = bHγ c . To make these factors of safety expressions independent of any geometric parameter, the simplified forms using the nondimensional parameters can be written as
Factor of safety against overturning mode of failure
By summing the moments of all the resisting forces about the heel of wall, the simplified factor of safety expression in the non-dimensional form, obtained by both the CRATER (2006) and Fukui et al., (1962) approaches for the calculation of the tsunami wave pressure respectively are
where, H d = the point of application of the dynamic component of the total seismic passive earth pressure (P pe ), and is calculated using the methodology proposed by Nimbalkar (2007) as Also, in Eqs. (30) and (31), K p is the passive earth pressure coefficient under static conditions, calculated using the Coulomb's theory by the following expression (see Kramer (1996) ),
The total passive earth pressure under static conditions (P p ), calculated using this K p is considered to act at 1/3 the height of the wall (i.e. H/3), measured from the base.
Results and Discussions
The results obtained using equations for the factors of safety [Eqs. (28) , (29) 
Effect of the horizontal seismic acceleration coefficient 'k h ' and tsunami water height 'h t '
Figures 3(a) and 3(b) present typical variations of the factor of safety in respectively sliding and overturning modes of failure of the wall with horizontal seismic acceleration coefficient (k h ) for different values of the ratio of tsunami water height (h t ) to height of the still water on the upstream face (h wu ). It is observed that with an increase in the value of the horizontal seismic acceleration coefficient (k h ), the value of the factor of safety obtained by using either of the two approaches, described with respect to the calculation of the tsunami wave pressure, decreases drastically. As an illustration, for a value of h t /h wu of 1.5 and by using the CRATER (2006) approach for the calculation of the tsunami wave pressure, the factor of safety in sliding mode of failure of the wall decreases from about 7.20 to 3.10 when the value of the horizontal seismic acceleration coefficient (k h ) is increased from 0.0 to 0.3 (Fig. 3a) . The same trend of a decrease in the value of the factor of safety in sliding mode of failure is observed for other values of h t /h wu . By using the Fukui et al., (1962) approach for the calculation of the tsunami wave pressure, the values of the factor of safety in sliding mode of failure are higher than those obtained by CRATER (2006) approach. This may be attributed to the fact that the CRATER (2006) approach tends to be bit conservative. Another important observation which can be made from this graph is that as the value of the h t /h wu is increased from 0 to 1.5, there is a drastic decrease in the value of the factor of safety. For example, for a particular value of the horizontal seismic acceleration coefficient (k h ) of 0.1, the factor of safety in sliding mode of failure is about 22 when there is no tsunami (i.e. h t /h wu = 0.0); while the same gets reduced to a value of 1.7 when the h t /h wu = 1.5. This typical result showcases the importance of considering the pressure due to tsunami wave while designing the section of the wall situated at the waterfront, especially in the areas which are susceptible to earthquakes. Similar Fukui et al. [1962] for no tsunami Fig. 3(b) . Factor of safety in overturning mode of failure for different ht/hwu values. trends are observed for the factor of safety of the wall in overturning mode of failure (Fig. 3b) , however, the corresponding values are lower than those obtained in the sliding mode of failure of the wall -thus, setting up the critical mode of failure of the wall under the mentioned forces/pressures to be the overturning mode.
Effect of variation in the level of submergence of the backfill 'h wd '
The effect of the change in the level of submergence of the backfill, which is represented in the present study in terms of the non-dimensional parameter 'h wd /H', on the stability of the wall, is presented in Figs. 4(a) and 4(b) for the sliding and overturning modes of failure of the wall respectively. It is observed that as the level of submergence is increased, the factor of safety, both in the sliding and modes of failure, increases. For example, for dry backfill case (i.e. h wd /H = 0), the factor of safety in the sliding mode of failure of the wall (Fig. 4(a) ), by adopting the CRATER (2006) approach for the calculation of the tsunami wave pressure, is 1.88 for a typical value of the horizontal seismic acceleration coefficient (k h ) equal to 0.2, which increases to 2.64 when the backfill gets fully submerged in water (i.e. h wd /H = 1.00). The corresponding values obtained on using the Fukui et al., (1962) approach for the calculation of the tsunami wave pressure are respectively 4.71 and 5.73. Similarly, on considering the overturning mode of failure of the wall, the corresponding increase in the value of the factor of safety is from 1.19 to 1.71 on considering the CRATER (2006) approach and from 3.36 to 4.25 by adopting the Fukui et al., (1962) approach for the calculation of the tsunami wave pressure (Fig. 4b) respectively. This increase in the factor of safety value can be attributed to the fact that with an increase in the level of submergence of the backfill, the hydrostatic pressure, which for the present case acts as a resisting force because of the considered direction of the wall movement (towards the backfill soil), also gets increased. However, for the purpose of a safe design of the wall section, it would be wise to ignore this hydrostatic pressure (P std ), because most of the times, this water would not be lasting long inside the backfill and may get drained out anytime; while the hydrodynamic pressure (P dyn ) can be considered to be still present so as to give a worst possible combination with respect to the sliding and overturning modes of failure of the wall. This result gives an important cue to the design engineers as it details about how the consideration of the hydrostatic pressure from the downstream side of the wall can add to the stability of the wall, which in reality is only virtual. 
Effect of soil friction angle 'φ'
Soil friction angle (φ) has a significant effect on the values of the factor of safety in both the sliding and overturning modes of failure and these are shown in Figs. 5(a) and 5(b) respectively. It is noted from Fig. 5(a) that when the value of the soil friction angle (φ) is increased from a value of 25
• to 40
• , and with a value of the horizontal seismic acceleration coefficient (k h ) of 0.1, the factor of safety in the sliding mode of failure of the wall increases by more than the double (from 2.29 to 5.14) on using the approach adopted by CRATER (2006) (1962) increases from 5.62 to 12.62. A similar trend follows for the overturning mode of failure of the wall as well (Fig. 5(b) ). This increase in the value of the factor of safety in both the sliding and overturning modes of failure of the wall prompts for a careful selection of the value of the soil friction angle (φ) as any casual selection in its value may give seemingly incorrect result with respect to the stability.
Effect of wall friction angle 'δ'
Like the soil friction angle (φ), the wall friction angle (δ) also affect the stability of the wall in both the sliding and overturning modes of failure to quite a significant extent. From Figs. 6(a) and 6(b), the effect of wall friction angle (δ) on the sliding and overturning stability of the wall is observed and it is found that as the value of the wall friction angle (δ) changes its value from −φ/2 to φ/2, the value of the factor of safety in sliding mode of failure of the wall, for the horizontal seismic acceleration coefficient (k h ) of 0.2 and following the CRATER (2006) approach for the calculation of the tsunami wave pressure, changes from 1.63 to 2.32 ( Fig. 6(a) ). The corresponding values for the overturning mode of failure of the wall are respectively 0.77 and 1.46 (Fig. 6(b) ). This again prompts for a judicious selection of the value of the wall friction angle (δ). On considering the Fukui et al., (1962) approach for the calculation of the tsunami wave pressure, a similar trend is observed as well.
Effect of the vertical seismic coefficient
The effect of the vertical seismic acceleration coefficient (k v ) on the stability of the wall both in the sliding and overturning modes of failure is presented in Figs. 7(a) and 7(b) respectively. It is observed that as the value of the vertical seismic acceleration coefficient (k v ) increases from 0 to a value equal to the horizontal seismic acceleration coefficient (k h ), the factor of safety in the sliding mode of failure, calculated using the CRATER (2006) approach for the calculation of the tsunami wave pressure, is decreased from 2.69 to 1.96 for k h = 0.2 ( Fig. 7(a) ); while in the overturning mode of failure of the wall, the corresponding values respectively are 1.71 and 1.21 (Fig. 7(b) ). Similar trend is observed when the Fukui et al., (1962) approach is adopted as well.
Effect of the period of lateral shaking 'T '
As has already been mentioned, for most of the geotechnical structures, the period of lateral shaking (T ) is taken as 0.3 s (Prakash (1981) Fig. 8(a) ), it is observed that for a typical value of the horizontal seismic acceleration coefficient (k h ) equal to 0.2, the factor of safety, obtained using the CRATER (2006) period of lateral shaking (T ) is increased from 0.2 s to 0.5 s. The trend is similar for overturning mode of failure of the wall as well (Fig. 8(b) ) and also on considering the Fukui et al., (1962) approach for the calculation of the tsunami wave pressure.
Effect of the pore pressure ratio 'r u '
The factor of safety in sliding and overturning modes of failure of the wall showed sensitiveness to the pore pressure ratio; and its effect is shown in Figs. 9(a) and 9(b) respectively. It is observed that as the pore pressure ratio (r u ) increases from 0 to a value equal to 0.4, the factor of safety in sliding ( Fig. 9(a) ) and overturning modes of failure ( Fig. 9(b) ) respectively decreases from 2.95 to 1.68 and from 1.90 to 1.01, when the CRATER (2006) approach is adopted for the calculation of the tsunami wave pressure and for horizontal seismic acceleration coefficient (k h ) of 0.2; while, on considering the Fukui et al., (1962) 
Comparison of Results
No previously existing work was found, which was identical to the present methodology, however only two research works, which were found to be somewhat closer to the approach described by the present methodology, at least in terms of the forces/pressures considered for the stability of the waterfront retaining wall are of Choudhury and Ahmad (2007a) and Ebeling and Morrison (1992) but using the conventional pseudo-static approach. Also, the work of Ebeling and Morrison (1992) makes a mention of assessing the stability of waterfront retaining wall under different forces as have been considered in the present methodology, except for the consideration of the tsunami wave pressure. It is however to be noted, that like the study of Choudhury and Ahmad (2007a) , Ebeling and Morrison (1992) also adopted the pseudo-static approach for the calculation of the seismic passive earth pressure, thus both suffering from the inherent drawbacks as have been pointed out by Steedman and Zeng (1990) and recently by Choudhury and Nimbalkar ((2005) , (2007)). The comparison of the present study, thus, has been made by these two works. On dropping the terms pertaining to the consideration of the tsunami wave pressure from the factor of safety expressions given by Eqs. (16), (17), (18), and (19) it is observed that these expressions become identical to the ones being proposed by Ebeling and Morrison (1992) , except for the fact that the seismic passive earth pressure and the seismic wall inertia calculated through the present methodology would be by using the pseudo-dynamic approach as against the pseudo-static approach adopted by Ebeling and Morrison (1992) . Similarly, the comparison of the factor of safety, both in sliding and overturning modes of failure is shown in Figs. 10. It is observed that for a typical value of the horizontal seismic acceleration coefficient (k h ) of 0.2, and by using the present methodology, in which pseudo-dynamic approach has been adopted for the calculation of both the seismic passive earth pressure and the seismic wall inertia force, the factor of safety in sliding mode of failure is about 16% more than the one calculated by considering the pseudo-static approach proposed by Choudhury and Ahmad (2007a) . This 16% increase in the factor of safety can be attributed to the less conservative nature of the pseudo-dynamic approach (as has been observed by Steedman and Zeng (1990) ; Choudhury and Nimbalkar, (2005) ) than the traditional pseudo-static approach. A similar trend is observed for the overturning mode of failure of the wall too.
Conclusions
The study presents an approach for the design of waterfront retaining wall under the combined effect of the earthquake and tsunami, in which the stability of the wall has been assessed in terms of the factors of safety both in the sliding and overturning modes of failure by using the limit equilibrium method. It has been observed that the effect of the earthquake forces on the stability of the wall is quite significant, which becomes worse in the presence of tsunami wave pressures. Out of the two different approximating approaches used for the estimation of the tsunami wave pressure, it can be recommended that the Fukui et al., (1962) approach is better because this approach, unlike the CRATER (2006), also considers the effect of the tsunami wave velocity. Also, it has been observed that the critical mode of failure of the wall, under the combination of the described forces/pressures is the overturning mode. The study clearly highlights the advantage of using the pseudo-dynamic approach over the already existing pseudo-static approach. On the basis of the comparison presented in the study, it can be recommended that for the purpose of the design of the waterfront retaining wall, subjected to an earthquake and tsunami jointly, the pseudo-dynamic tends to be lesser conservative, and thus becomes suggestive of a rather economic design. The design charts presented in the analysis, obtained by keeping the parameters in non-dimensional form can be readily used for the practical design purposes. Clear differences between the present methodology and the one adopted by previous researchers who used pseudo-static approaches, but respectively with a planar and curved rupture surfaces (Ebeling and Morrison (1992) , and Choudhury and Ahmad (2007a) ) have been highlighted through the present study and depending upon which it can be safely recommended that the pseudo-dynamic approach is certainly an improvement over previous approaches; the incorporation of which would lead to an economic yet safe design. Fukui et al., (1962) approaches for the estimation of the tsunami wave pressure F S oC , F S oF : Factor of safety in overturning mode of failure of the wall by respectively considering the CRATER (2006) and Fukui et al., (1962) approaches for the estimation of the tsunami wave pressure F r : Total resisting force F S sC , F S sF : Factor of safety in sliding mode of failure of the wall by respectively considering the CRATER (2006) and Fukui et al., (1962) approaches for the estimation of the tsunami wave pressure g : Acceleration due to gravity h t : Tsunami water height on the upstream side of the wall h wd , h wu : Height of the water on the downstream and upstream sides of the wall respectively H d : Point of application of the dynamic component of the total seismic passive earth pressure (P pe ) k h , k v : Seismic acceleration coefficients in the horizontal and vertical directions respectively k * h : Modified seismic acceleration coefficient in the horizontal direction K : A constant as described in text K p : Passive earth pressure coefficient under static conditions K pe : Seismic passive earth pressure coefficient m,n : Constants as described in text m w (z) : Mass of the thin rectangular element of the wall having thickness dz, and located at a depth z below the top of the wall m 1 ,m 2 ,m 3 ,m 4 : Constants as described in text P dyn : Hydrodynamic pressure P p : Total passive earth pressure under static conditions P pe : Total seismic passive earth pressure P std , P stu : Hydrostatic pressure on the downstream and upstream sides of the wall respectively P tC , P tF : Tsunami wave pressure by respectively considering the CRATER (2006) and Fukui et al., (1962) approaches for the estimation of the tsunami wave pressure Q hw , Q vw : Seismic inertia force on the wall in the horizontal and vertical directions respectively r u : Pore pressure ratio t : Time T : Period of lateral shaking V p , V s : Respectively, the velocity of the primary and shear waves propagating through the soil V pw , V sw : Respectively, the velocity of the primary and shear waves propagating through the wall W w : Weight of the wall z : Depth below the top of the wall α, α MO : Angle which the failure wedge plane makes with the horizontal at the base of the wall, calculated using the pseudo-dynamic approach as described in the text and Mononobe-Okabe approach respectively γ c , γ s , γ w : Unit weight of concrete, soil, and water respectively γ d , γ sat : Dry and saturated unit weight of the soil respectively γ we ,γ : Respectively the equivalent unit weights of water and the soil, modified due to submergence of the backfill δ : Wall friction angle η, λ : Constants, respectively equal to T V p and T V s κ, ξ : Constants, respectively equal to (t − H/V p ) and (t − H/V s ) µ : Coefficient of base friction ν : Poisson's ratio φ : Soil friction angle ψ : Seismic inertia angle ω : Angular frequency = 2π/T
Notations
